A second-step revertant (Li) of a temperature-sensitive mutant (Ci) of Newcastle disease virus agglutinated erythrocytes normally but had less than 3% of the wild-type (strain AV) levels of neuraminidase activity. Revertant LI had seven times more virion-associated N-acetylneuraminic acid (NANA) than strain AV. NANA residues on purified virions were specifically labeled with periodate and tritiated borohydride. Analyses of radiolabeled 1, virions on sodium dodecyl sulfate-polyacrylamide gels showed that most of the virion-associated NANA was in a high-molecular-weight component with an electrophoretic mobility different from that of any known viral protein. 
Paramyxoviruses and orthomyxoviruses which have virion-associated neuraminidase activities lack N-acetylneuraminic acid (NANA) residues on their envelopes and recognize NANA-containing receptors on cell surfaces (reviewed in references 3, 6, 8, and 9) . The receptor-binding (hemagglutinating) and neuraminidase activities of the avian paramyxovirus Newcastle disease virus (NDV) are carried out by the multifunctional hemagglutinin-neuraminidase (HN) glycoprotein (28) . The NDV neuraminidase specifically cleaves NANA residues in oligosaccharides on glycoproteins containing the N-acetylneuraminic acid a2-3 galactose linkage (25) and in oligosaccharides containing this linkage and N-acetylneuraminic acid a2-8 Nacetylneuraminic acid linkages, as shown by Drzeniek with milk oligosaccharides (10) .
The nature of the biological roles of viral neuraminidases remains an open question. Long-standing hypotheses that neuraminidase activities free paramyxoviruses from respiratory mucins and unfavorable reproductive environments (such as erythrocytes) are still viable. Current thinking about paramyxoviral neuraminidases has been strongly influenced by studies of influenza neuraminidases. Among the most compelling influenza virus experiments are those which used NANA analogs to inhibit neuraminidase activity (21) (22) (23) and temperaturesensitive (ts) mutants with defective neuraminidases (24) to study functions. Results from these studies suggest that a major function of neuraminidase is to eliminate NANA residues from virions. Influenza virions containing NANA residues aggregate at the cell surface, marked reductions in virus yields from cultured cells occur, and presumably the cell-to-cell spread of infection is curtailed. A NANA analog inhibits neuraminidase activity but not hemagglutinating activity of strain AV of NDV; consequently, elution of virus from erythrocytes is blocked (27) .
Conditional lethal paramyxoviral mutants comparable to the influenza virus ts mutants defective in neuraminidase have not been isolated. However, we recently isolated a nonconditional neuraminidase-deficient mutant of NDV, designated Li, which has provided some insights into the biological roles of paramyxoviral neuraminidases (31) . Revertant Li was derived in two steps from RNA' ts mutant Ci (26, 33) (31) .
Because revertant Li has a residual level of neuraminidase activity and is fully capable of reproduction in cultured cells, our experiments were designed as kinetic assays to detect even small changes in rates of biological activities which might depend on neuraminidase activity. Under these conditions, neuraminidase activity need only be rate limiting for a particular function of Li.
MATERIALS AND METHODS
Viruses and cell culture. NDV strain AV (AustraliaVictoria, 1932) revertant Li and revertant Ni were grown in embryonated chicken eggs and purified as described previously (7, 12) . The isolation and preliminary characterization of revertants Li and Ni, which were derived from ts mutant Cl of strain AV, have been described before (31 For attachment and radioisotopic labeling experiments, 100 ,ug of egg-grown virions suspended in 0.1 ml of PBS was mixed with 14 U of neuraminidase and incubated for 1 h at 37.5°C. The mixtures were diluted 50-fold into cold PBS, and the virus was concentrated by ultracentrifugation. The viral pellets were resuspended in 0.1 ml of PBS, and the procedure was repeated with an additional 14 U of neuraminidase. Again, neuraminidase was removed by dilution into PBS followed by ultracentrifugation. Virus suspensions were stored at -70 C.
Viral attachment and elution. Viral attachment studies were performed as described by Marcus and coworkers (20) . HeLa cell suspensions in NCI medium were precooled on ice, and the number of PFU equal to the number of cells was added. At various intervals, samples were removed and diluted 100-fold into icecold Joklik modified minimal essential medium. After centrifugation to remove cells and attached virus, the supernatants were assayed on CE cells to determine the number of unattached PFU.
For elution experiments, bovine erythrocytes (Colorado Serum Co., Denver, Colo.) were washed with PBS and suspended in NCI medium. The number of PFU equal to the number of cells was added, and the mixtures were held on ice for 30 min. Cells were concentrated by centrifugation and washed with icecold NCI medium. Centrifugation was repeated, and the cells were resuspended at their original concentration in the same medium. The amount of infectious virus that attached to erythrocytes was determined by plaque assays of infectious virus in the wash medium. After the washing procedure, the cells were incubated at 37°C. After 5 min of incubation, the suspensions were divided, and V. cholerae neuraminidase was added to one tube to a final concentration of 50 U/ml. At various intervals, samples were taken from each tube, cells were removed by centrifugation for 15 s (at 12,000 x g) in a microfuge, and titers of infectious virus in the supernatants were determined by plaque assays on CE cells at 40.5°C.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Radioisotopically labeled virions were dissolved in polyacrylamide gel sample buffer and analyzed on 11.5% polyacrylamide gels, as described previously (17, 30) . The fixed gels were prepared for fluorography (2) and then exposed for 3 toaminidase-deficient revertant Li contained approximately seven-fold more NANA in virions than the wild type.
Additional information on the location of NANA in Li virions was obtained by specifically labeling NANA residues on purified virions by using the periodate-tritiated borohydride method. A low concentration of sodium metaperiodate is used in this technique to selectively oxidize external NANA. The oxidized residues are then radioactively labeled by reduction with tritiated borohydride. The resulting radioactive virions were analyzed by SDS-PAGE (Fig. 1) of detection (channel D), indicating that the procedure specifically labeled NANA residues. As an additional control, purified vesicular stomatitis virions were labeled by the periodatetritiated borohydride method. Only the G glycoprotein of this virus contains NANA (4); as expected, only one radioactive band, which had the appropriate mobility for the G glycoprotein, was obtained (channel E).
Radioactive NANA residues of strain AV virions were detected in very-high-molecularweight material which did not enter the gel, in a diffuse high-molecular-weight band (M, = 150,000) which did not coincide with any known viral proteins, and in a component with the mobility of the HN glycoprotein. The radioactive pattern from revertant Li was qualitatively similar, except that a small amount of radioactive NANA residues which comigrated with the Fl glycoprotein was also detected. Quantitatively, the pattern of radioactive NANA-containing components from Li virions was dominated by high-molecular-weight material, and the overall levels of incorporation far exceeded those of the wild type, as expected from the NANA assays of virus preparations.
Attachment of virions to HeLa cells. Li virions agglutinate erythrocytes (31) , suggesting that the attachment function of HN is intact in the revertant. As a more sensitive measure of attachment than hemagglutination, the kinetics of attachment of wild-type and Li virions to HeLa cells were determined (Fig. 2) . The velocity constant VOL. 47, 1983 388 SMITH AND HIGHTOWER for attachment, k (32), of Li was 1.7 x 10-9 cm3/min, whereas k for wild-type virions was 3.5 X 10-9 cm3/min, approximately twice that of Li.
The velocity constant for strain AV was within the range of values reported for attachment of NDV to erythrocytes (20) and CE cells (19) .
The NDV requirement for cellular receptors containing NANA residues was preserved in revertant Li. Less (Fig. 3) .
Revertant Ni was originally isolated from revertant Li stocks which were screened for mutants that had regained neuraminidase activity (31 Fig. 3 for reference. strain AV (0), Elution of virions from erythrocytes. To mea-(O). Virus was sure the capacity of revertant Li to elute from hifted to 37.50C cells relative to strain AV, purified virions were riods of incuba-allowed to attach to bovine erythrocytes at 0°C Zplicate cultures and then were given an opportunity to elute at 4d cells. Surviv-37°C. Erythrocytes were used in these experiy plaque assay ments because NDV does not readily elute from shed line repre-host cells at 370C (19, 20) . en times includ-Wild-type virions rapidly eluted from erythroDetailed experi-cytes (Fig. 4) Fig. 5 . Reproduction and release of infectious virus into the culture medium were not impaired by the lack of neuraminidase in Li. In fact, Li progeny virions accumulated in the medium at a reproducibly faster rate than that of wild-type progeny. Similar curves were obtained for Li reproduction at 42.5°C, the nonpermissive temperature for the ts parent of Li; however, reproduction of wild-type virions was even less efficient at this temperature (data not shown).
DISCUSSION
The major effects of a neuraminidase deficiency in revertant Li were (i) impaired elution of virions from erythrocytes, (ii) a sevenfold increase in virion-associated NANA residues, and (iii) a twofold decrease in the velocity constant for attachment of Li to HeLa cells. NANA residues were detected on virions of strain AV by the thiobarbituric acid and the periodatetritiated borohydride methods. In earlier studies of paramyxovirus SV 5, no detectable NANA residues were found on virions by either the thiobarbituric acid method or colloidal iron staining for electron microscopy (14-16). Therefore, paramyxoviruses may differ in their residual levels of virion-associated NANA. Potential attachment sites for NDV-associated NANA residues include viral glycoproteins, host glyco- (0) and revertant Li (U) in CE cells at 37.5°C. Virions were added to cells at an input multiplicity of 3 PFU/cell and allowed to adsorb for 1 h at 4°C. Cultures were washed five times with prewarmed Joklik modified minimal essential medium containing 5% calf serum and were then incubated in this medium. At the intervals indicated, portions of the medium were collected, and infectious virus was quantified by plaque assay at 37.5°C.
proteins, and host glycolipids. Our Prompted by a recent report (13) that liposomes containing myxo-and paramyxoviral glycoproteins require the presence of viral neuraminidase for fusion with cells, we tested the ability of revertant Li to penetrate CE cells. Assuming that escape from antibody neutralization after viral attachment reflects the fusion of the NDV envelope with the cellular membrane, we concluded that revertant Li has nearly normal rates of penetration. Revertant Ni, which has levels of neuraminidase activity sufficient to reduce virion NANA levels to normal, penetrated cells at the same rate as Li. Therefore, additional NANA residues on Li virions were not responsible for the small differences in penetration between Li and the wild type. This difference was probably due to the incomplete repair of the fusion glycoprotein of Li (31) . We have previously shown that revertant Si, which has the same fusion glycoprotein as Li, penetrates CE cells faster (t1/2 = 60 min) than the ts parent (t1/2 = 125 min) (31) . In the present study, revertant Li, which was derived from Si, was shown to have a t1j2 for penetration of (27) .
